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Abstract. In railway networks, metal objects near the balise transmission system 

can affect the performance of antennas in the system operating at 27.095 MHz and 

4.23 MHz. In this paper, the performance of the antennas in the proximity of steel 

rails and metal plates are simulated and tested in terms of resonant frequency, 

magnetic field distribution. The results show that the metal effect is dependent on 

the distance between the metal and the antenna. They shift the resonant frequency 

and change the magnetic field distribution. In order to solve the problem, we find 

that the antennas should keep specified distance with the steel rails. Also, a metal 

plate is fixed on the back of on-board antenna unit to reduce the sensitivity to 

metal. These methods increase the robustness and reliability of balise transmission 

system antennas in railway signalling. 
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1. Introduction 

In 1964, the first high-speed train in the world started its commercial operation on the 

Tokaido Shinkansen in Japan. In 2008, China opened the first high-speed railway. Till 

now, high-speed railway has changed the travelling style of passengers for its safe, 
convenient, fast, punctual, comfortable and human-based travelling experience. In 

China, the high-speed railway has been a means of public transport. There are more 

than 1.3 billion passengers who take high-speed railway for travelling every year. Since 

high-speed railways are safety-critical systems, the Train Operation Control System is 

particularly adopted to guarantee the operation safety. 

The location accuracy in Train Operation Control System is highly critical for the 

train operation safety as the permitted speed depends on the position of each train. 

Balise is an electromagnetic transponder installed between rails that supplies accurate 

and precise location information to the vital computer of the Train Operation Control 

System. The accumulated location inaccuracies over distance are corrected when the 

train passes a balise [1-3]. It also transmits the safety-related line information from 
wayside to the on-board vital computer [4]. Hence, it is treated as an essential 

component for European Train Control Systems and Chinese Train Control Systems in 

high-speed railways. The failure to receive the telegrams of two successive balise 

groups requires stopping the train [5]. Therefore, the reliability of Balise Transmission 
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System is critical for the Train Operation Control System in high-speed railways and 

metro lines. 

The balise transmission system is made up by balises installed on railway tracks 

and on-board Balise Transmission Module (BTM) [6,7].  
China has the longest high-speed railway route in the world. The mileage has 

reached 35,000 kilometers. Topically, one balise group that include 3 balises which is 

installed every 2 kilometers in Chinese high-speed railways. So the total number of 

balises is extremely huge. On the other hand, the 35,000 kilometers high-speed railway 

travels through almost every type of climates and environments in China. The balise 

transmission system is an outdoor equipment, so it will deal with an extreme climate 

and harsh environment, including the rainstorm, strong wind, extremely cold and desert. 

The surface of the balise would be covered by environmental mediums, such as rain, 

sand, dust, ice and snow. The balise in the freight railway line would be covered by 

fallen iron ore, iron dust, coal dust, oil and grease. Meanwhile, the surrounding of the 

balise and on board antenna is full of all kinds metal objects, including the train body, 
the steel rails, the metal mounting bracket, and the fallen metal on the railway [8, 9].  In 

addition, there are several mounting base, such as the concrete roadbed, concrete 

sleeper and wood sleeper. The metal is lossy object for the electromagnetic wave. 

Compared with the nominal air condition, the dynamic contact length and number of 

non-overlapping good telegrams of the balise transmission system are decreased with 

the debris, such as metal and ice [10].  

The balise transmission system is a special application of Radio Frequency 

Identification (RFID) in railway signalling systems. The surrounding environment 

would affect the RFID system. In order to meet the boundary conditions, the metals or 

dielectrics (such as water) decrease electric and magnetic field, shift the resonant 

frequency and change the antenna impedance matching [11-13]. The proximity effects 

are strongly dependent on the metal plate size, distance between the plate and the 
antenna as well as the plate orientation [12, 14]. When the antenna is positioned within 

less than 3 cm from a metal surface, the resonant frequency increases from 13.56 MHz 

to 14.75 MHz. The wider angle between the antenna and the metallic surface 

introduces the less shift of the resonant frequency [15]. 

The effective read range of an RFID system depends on environmental effects [16]. 

The dielectric materials reduce the read range of the tag [17]. A planar dipole-based 

antenna matched with a small inductive coil is mounted on different mounting 

materials. The maximum range is eight meters for materials with a low permittivity, 

and the maximum range is close to two meters for denser materials or materials with a 

higher permittivity [18]. 

There are several methods to reduce the medium and metal effect on the RFID 
antenna. The antenna is detuned when it is in the vicinity of metals and liquids or kept 

a distance away from the metal frame [19]. A permanent metal plate is fixed at the back 

of the loop antenna. In order to reduce the currents induced in the conducting bodies in 

the proximity of the antenna, flexible polymer-ceramic composite materials with high 

permittivity are adopted as substrates for single-layer antennas in metal-mountable tags. 

They increase the antenna metal separation [20]. The generic algorithm is adopted to 

integrate the complexity of real RFID environment into the design methodology, which 

is mandatory for robustness property [21]. To compensate for the changed inductance 

of the RFID antenna due to the metal tube and the inductance disturbance coming from 

the liquid in the extreme downhole environments, an adaptive antenna tuning unit with 

a variable capacitor array is presented to improve the system’s robustness and decrease 
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the sensitivity in volatile application conditions [22]. Considering the special 

application environment of the balise transmission system, detuning, keeping a distance 

with mediums or metal and fixing a metal plate are researched in this paper.  

The loop antennas of balise transmission system is modelled and studied in perfect 
conditions (free air space conditions) [6, 7]. However, imperfect conditions, such as the 

dielectric and metal near the system would decrease the effective communication 

distance. The solution to the potential problem in perfect conditions is to research the 

metal effect on these antennas. The metal would change the magnetic field distribution 

and the resonant frequency of the antennas[23-24]. In this paper, steel rails and metal 

plates, are selected to study. 

2. Modelling and Research Configuration 

Figure 1(a) shows the balise transmission system antennas in the reference coordinate, 

which includes on-board antenna unit and the balise. The on-board antenna unit 

includes 27.095 MHz transmitting antenna and 4.23 MHz receiving antenna, which is 

mounted below the train body. The balise includes 27.095 MHz receiving antenna and 
4.23 MHz transmitting antenna, which is mounted between the two rails. Thus, there 

are totally four antennas in balise transmission system. The distance between the balise 

and on-board antenna unit ranges from 220 mm to 460 mm along Z-axis. 

The on-board 27.095 MHz transmitting antenna radiates tele-powering signal 

continually. The operation frequency is 27.095 MHz. When the train passes the balise, 

the 27.095 MHz receiving antenna in the balise receives the magnetic flux from the on-

board 27.095 MHz transmitting antenna and induces the current, which is taken as the 

power for balise operation. Then the balise is activated. The 4.23 MHz transmitting 

antenna in balise starts to transmit FSK uplink signal to the on-board antenna unit. The 

4.23 MHz receiving antenna in the on-board antenna unit induces the uplink signal. 

The induced signal is demodulated and decoded into telegram. At last, the telegram is 

sent to the on-board vital computer to calculate the permitted speed line and control the 
real operation speed. When the train is far away from the balise, it stops transmitting 

uplink signal and goes in dormancy status.    

Figure 1(b) illustrates the reference axes. The X-axis is parallel with the rails and 

the positive direction is same with train travel direction; the Y-axis is  

perpendicular to the rails and level with the top of rails; the Z-axis directs upwards and 

has right angles to the rail plane. The origin of the coordinates is in the rail bottom 

plane and in the middle of the track.  

The copper wire loop with the matching and tuning circuit is shown in Figure 1(c), 

whose relative permeability is 1 and electric conductivity is 5.8×10^7 S/m. The 

thickness of copper wire is 0.072 mm. The four antennas have same dimension. The 

substrate material is FR4, and its dimension is 430 mm×240 mm× 2 mm. 
For the 27.095 MHz transmitting and receiving antennas, the Cs is 15.1pF; the Cp 

is 11.8pF; the Rs is 15Ω. For the 4.23 MHz transmitting and receiving antennas, the Cs 

is 662pF; the Cp is 784pF; the Rs is 7.65Ω.   

The equivalent circuit of the loop antenna with matching and tuning circuit is 

illustrated in Figure 1(d). The matching and tuning circuit is same with that in the 

Figure 1(c). R  represents the equivalent serial resistance of the loop antenna. L  

represents the equivalent serial inductance of the loop antenna. sC  is the serial tuning 
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capacitance and pC  is the parallel tuning capacitance. sR  is the serial matching 

resistance. The reactance of the loop antenna with matching and tuning circuit is 

derived as 

2
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   (1) 

 When the reactance X is zero, the loop antenna is tuned. The turned frequency f is 

derived as 
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The environmental mediums and metal surrounded the loop antenna will change 

the magnetic flux through the antenna as different permittivity and permeability. The 
definition of inductance is 

L
I
�

�   (3) 

Where �   is  the magnetic flux generated by current I . From expression (2) and 

(3), the variation of magnetic flux  �  will change the loop inductance L , which shifts 

the tuned frequency f . 
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(b) Reference axes 
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Figure 1.  Balise transmission system antennas and reference axes 

3. Metal Effect Analysis 

The balise transmission system includes the wayside balise, the onboard antenna unit 

and the onboard BTM. The metal would affect the system antennas in the wayside 
balise and the onboard antenna. As the distance between the wayside and the onboard 

antenna is larger than the metal effect distance for the near field magnetic antenna, the 

steel rail generates little effect to the onboard antenna unit. Meanwhile, the onboard 

metal generates little effect to the wayside balise. 
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3.1. Steel Rail 

The balise is mounted between two steel rails. The distance between balise and rails 

will influence the performance of balise. Two steel rails are included in the model and 

simulation is repeated to investigate the magnetic field distribution.  
For the steel rails, its relative permeability is 1 and electric conductivity is 

7.69×10^6 S/m. The distance between two rails is 1067 mm.  The Y-axis coordinate in 

the middle of the two rails is 0. The balise is moved in the range (-400 mm, 400 mm) 

along the Y-axis, which is shown in Figure 2. The black rectangle in the middle of the 

two rails represents the two loop antennas in the balise, and the red circle is the feeding 

point. 

 
Figure 2.  Balise with two steel rails separated by 1067mm 

The base of rails is earth. In order to reduce the earth attenuation, the foam is 

between the antennas and the earth base, whose thickness is 4 mm.   

The two steel rails would change the magnetic field distribution. The electrical 

center of the 27.095 MHz transmitting antenna is located in the point (0,0,460 mm).  

The amplitude of the excitation is 8.94 V and the power is 40 W. It is assumed that the 

balise is mounted on the plane of Z=100 mm. The magnetic field distributions of the 

received tele-powering on the XOY plane with Z=100 mm with and without rails are 

shown in Figure 3(a,b) respectively. In Figure 3(a), the two black bars represent the 
two rails. It indicates that the two rails blocks the magnetic field propagation along Y-

axis, which is beneficial for the crosstalk reduction of two close railway lines. The 

maximum magnetic field is in the projection of 27.095 MHz transmitting antenna in the 

XOY plane with Z=100 mm. So the balise and the on-board antenna unit should have 

the same Y-axis coordinate to get the maximum tele-powering.   

For the communication of the balise transmission system, the effective magnetic 

field is the Z-axis component. With the same simulation setup, Figure 4(a-c) show the 

Z-axis component of the tele-powering magnetic field along X-axis, Y-axis and Z-axis 

respectively. The results have been converted to dB relative to 1A/m. These three 

figures indicate that the rails reduce the magnetic field. In Figure 4(b), the part of the 

side lobe closest to the main lobe with rail is much lower than that without rail. The Y-
axis has two crossings with the two rails. As the above analysis of Figure 3(a), the 

magnetic field near the crossings is damped or reflected.  Figure 4(c) indicates that the 

field is symmetrical. But only the left part is effective for communication, which is 

from Z=0 mm to Z=460 mm. The right part is noise for other on-board devices. 
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(a) With two steel rails 

   

 (b) Without two steel rails 

Figure 3.  Magnetic field distribution 

 
Figure 4.  The Z-axis component of the tele-powering magnetic field 
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3.2. Metal Plate 

The train body is a huge metal for the on-board antenna unit. In order to test the metal 

effect on the on-board antenna unit, one steel plate is approached in parallel to the 

27.095 MHz transmitting antenna and 4.23 MHz receiving antenna respectively. The 
steel plate dimension is 450 mm×400 mm×1 mm. The distance between the steel plate 

and both antennas is varied from 210mm to 10mm. 

The resonant frequency and return loss S11 of both antennas in the on-board 

antenna unit are shown in the Figure 5(a,b). The two figures indicate that a closer 

distance between the on-board antenna unit and the steel plate results in a greater 

frequency shift. For the 27.095 MHz transmitting antenna, the measured resonant 

frequency of 26.99 MHz when the distance is 210 mm is shifted to 30.42 MHz when 

the distance is 10 mm.  

Figure 5(b) illustrates that the 27.095 MHz transmitting antenna has the highest 

resonant frequency (31.79 MHz for simulation and 30.42 MHz for measurement) when 

the distance between the steel plate and the antenna is 10 mm. When the distance is 
larger than 110 mm, the resonant frequency almost does not change (26.94 MHz for 

simulation, 26.99 MHz for measurement).   

In order to reduce the metal sensitivity and increase the robustness of the on-board 

antenna unit, a metal plate (450mm×400mm×1mm) is fixed on the back of on-board 

antenna unit with a distance 30 mm. The 27.095 MHz transmitting antenna and 4.23 

MHz receiving antenna are retuned at 27.095 MHz and 4.23 MHz respectively. The 

train body is simulated by the second metal plate (450 mm×400 mm×1 mm). Then 

second steel plate is approaching to the side where the first steel plate is. The both steel 

plates are parallel with both loop antennas in the on-board antenna unit. 

 
Figure 5.  S11 with one metal plate for  4.23 MHz receiving antenna and 27.095 MHz transmitting antenna 
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Figure 6.  Measured S11 with two metal plates for  4.23 MHz receiving antenna and 27.095 MHz 

transmitting antenna 

The measured S11 of both antennas with two metal plates are shown in the Figure 

6(a,b). The measured resonant frequency shift of 27.095MHz transmitting antenna is 

0.24 MHz with the distance between two metal plates in the range (30 mm, 180 mm).  

When the distance is 0 mm, the resonant frequency with two plates is equal to that with 
one plate. For the 4.23 MHz receiving antenna, all the resonant frequencies with two 

metal plates are same which are 4.24 MHz. The results indicate that the second metal 

plate has little effect on the both antennas in the on-board antenna unit. The fixed metal 

plate and the train body should be as close as possible.  

The fixed metal plate on the back of the on-board antenna unit also change the 

magnetic field distribution. As analysis of Figure 4(c), the magnetic field above Z=460 

mm plane is interference for other devices. On the basis of the simulation setup which 

generates the magnetic field distribution as Figure 4(c), the first steel plate is fixed on 

the back of the 27.095 MHz transmitting antenna. The Z-axis component of the tele-

powering magnetic field along Z-axis with X=0 mm and Y=0 mm is shown in Figure 7. 

Compared with no metal plate, the magnetic field with one metal plate above Z=460 

mm plane is reduced, which improves its electromagnetic compatibility performance. 
But it reduces the effective signal between Z=0 mm to Z=460 mm, which will decrease 

the effective communication distance. 

 

Figure 7.   Z-axis component of the tele-powering magnetic field along Z-axis (X=0 mm, Y=0 mm) with 
one metal plate 
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4. Conclusion 

In this paper, we study the antenna performance of a balise system in high-speed 

railways under real-world application environment. In specific, a variety of practical 

cases that involve resonant frequency, and field distribution in the vicinity of steel rails 

and metal plate are explicitly considered. Through a series of simulations and 

experiments, the following conclusions are obtained: 

(1) The two rails would reduce the magnetic field and shift the resonant frequency 

of balise 27.095 MHz receiving antenna and alter the field distribution.  

(2) One metal plate is fixed on the back of the on-board antenna unit to solve the 

detuning problem after installing. The distance between the plate and the train body 

should be as close as possible. It increases the robustness and decreases the sensitivity 

to metal. Meanwhile, the electromagnetic compatibility performance of the on-board 

antenna unit is improved.    

These above methods can be applied and adopted in practical applications of 

balise systems for high-speed railways that could enhance the reliability, robustness 

and safety level of train operation systems. 
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